A sensitive and specific detection of cercariae of human schistosomes is required for better definition of risk of infection. In the present study, we have developed a polymerase chain reaction (PCR) assay for the detection of cercariae of Schistosoma mansoni in water. A simple DNA preparation was adapted for this purpose, and PCR primers were designed based on the 121-basepair highly repeated sequence we previously identified in the genome of S. mansoni. The PCR assay detected as little as 10 Ϫ6 ng of S. mansoni DNA, and the high sensitivity enabled the detection of a single cercaria. For trapping of cercariae we adapted a filtration apparatus previously used for separating schistosome eggs from turbid enzymatic digests of tissues. A single cercaria could be detected in repeated tests of water filtrates. Since the target DNA is tandemly arranged, a ladder pattern of the PCR products was demonstrated. A direct relationship was demonstrated between the number of ladder bands of the amplification products, and DNA concentration or number of cercariae. The feasibility of semiquantitation of schistosome larvae in natural water was thus suggested. The potential of the procedures described here for epidemiologic studies is discussed.
Abstract.
A sensitive and specific detection of cercariae of human schistosomes is required for better definition of risk of infection. In the present study, we have developed a polymerase chain reaction (PCR) assay for the detection of cercariae of Schistosoma mansoni in water. A simple DNA preparation was adapted for this purpose, and PCR primers were designed based on the 121-basepair highly repeated sequence we previously identified in the genome of S. mansoni. The PCR assay detected as little as 10 Ϫ6 ng of S. mansoni DNA, and the high sensitivity enabled the detection of a single cercaria. For trapping of cercariae we adapted a filtration apparatus previously used for separating schistosome eggs from turbid enzymatic digests of tissues. A single cercaria could be detected in repeated tests of water filtrates. Since the target DNA is tandemly arranged, a ladder pattern of the PCR products was demonstrated. A direct relationship was demonstrated between the number of ladder bands of the amplification products, and DNA concentration or number of cercariae. The feasibility of semiquantitation of schistosome larvae in natural water was thus suggested. The potential of the procedures described here for epidemiologic studies is discussed.
Schistosomiasis, a water-borne disease caused by blood flukes, continues to plague many developing countries in the tropics, 1 with an estimated 200 million people infected worldwide by Schistosoma mansoni, S. haematobium, and S. japonicum, the main schistosome species of humans. Humans become infected by contact with water infested with schistosome infective larvae, the cercariae, which are capable of actively penetrating the skin. Cercariae are released into the water by certain aquatic snails, intermediate hosts of schistosomes, in which the parasite undergoes asexual larval multiplication. Snails, in turn, become infected by miracidia, larvae released from schistosome eggs reaching water with human excreta.
Human infection by schistosomes frequently occurs in stable foci, 2, 3 and is dependent on snail infection and contact patterns of humans with water infested with cercariae. 4 The risk of infection in these transmission sites may be routinely estimated by detecting infected snails capable of shedding cercariae. 5 However, since seasonal fluctuations exist in snail population densities, infection rates, and cercarial output, 2,6,7 information on both snail infection and presence and distribution of cercariae is required for evaluating the risk of infection. 4, 8 Information on presence of cercariae in water is particularly important when only one of many snails is infected yet capable of shedding enough cercariae to maintain high endemicity. 9 Such a situation may occur in the case of residual transmission following intensive control, or during the initial stages of emerging transmission in newly contaminated water bodies.
Schistosome cercariae are difficult to recover for identification in natural water bodies. The use of sentinel mice for this purpose 4,8 is inaccurate, time-consuming, and costly, and therefore limited. The various alternatives proposed for this purpose present operational shortcomings. Thus, for example, filtration 10, 11 is hampered by clogging of filters with debris in turbid water, centrifugation 12 is hampered by the unavailability of electric current for most field studies, and trapping of cercariae by chemical stimulants of penetration, 13, 14 although promising, awaits further development for large-scale studies. The typical morphology of schistosome cercariae enables identification of the genus, but since mass screening is expected to delay the tests and thus lead to disintegration of the cercariae, identification of schistosome cercariae may be inaccurate. More importantly, species identification of schistosome cercariae cannot be done at all by morphology, and since in many endemic areas animal schistosomes may appear together with human schistosomes in the same transmission site, species identification of schistosome cercariae is often required. Antibody-and DNA-based assays developed for the identification of snails infected with schistosomes exhibited a promising degree of sensitivity and specificity, [15] [16] [17] [18] but further development of molecular tools for a sensitive and specific identification of schistosome cercariae is still required.
In the present study, we developed a polymerase chain reaction (PCR) assay for identifying S. mansoni cercariae. The relevant PCR primers were designed based on a highly repeated tandemly arranged DNA sequence that constitutes more than 10% of the genome of S. mansoni, and exhibits a degree of species specificity. 18 A corresponding high sensitivity and a degree of specificity could be expected.
MATERIALS AND METHODS
Parasites and laboratory maintenance. The Egyptian strain of S. mansoni was originally obtained 30 years ago from the Welcome Laboratories (London, United Kingdom), and was maintained at the Hebrew University in outbred albino mice and in snails (Biomphalaria glabrata). Mice were infected by subcutaneous injection of approximately 350 cercariae, and snails were infected by overnight exposure to 10 miracidia/snail. Adult worms were collected from the livers of infected mice by perfusion 19 to serve for preparation of high molecular weight DNA.
Preparation of high molecular weight genomic DNA from adult worms. High molecular DNA was prepared as previously described 18 by lysis in sodium dodecyl sulfate, digestion by proteinase K (150 g/ml), and extractions with phenol, phenol-chloroform, and chloroform. The aqueous phases were extracted with ether, dialyzed against TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA), and treated with RNase. After further extractions in phenol-chloroform, and follow- ing another extraction in ether, the DNA was precipitated with 100% ethanol, washed twice with 70% ethanol, dissolved in TE buffer, and stored at -70ЊC.
Preparation of DNA from cercariae for the PCR. Cercariae in suspension were mixed with an equal volume of 1M NaOH plus 1% Triton X-100, and were vigorously shaken by a Vortex mixer at room temperature. The mixtures were then left at room temperature for three days (or alternatively, heated for 1 hr at 65ЊC) then neutralized with HCl, heated to 100ЊC for 10 min, cooled quickly on ice, and centrifuged at 10,000 rpm for 15 min to remove the debris. The supernatants were used for the PCR directly or after ethanol precipitation followed by washing the pellet three times with cold 70% ethanol and its final dissolution in 50 l of TE buffer (0.045 M Tris-borate, pH 8.0, 0.001 M EDTA). The extraction products were kept at -20ЊC until used.
Collection of cercariae by filtration and DNA extraction from the filtrates. Filtration was carried out using the Browne Capsule, 20 a device designed for isolating schistosome eggs from digested tissues or from urine. 21, 22 The filtration device is made of two stainless-steel blocks drilled to hold a set of stainless steel screens for prefiltration and a filter or screen (47-mm diameter) to trap the desired particles. In our work, we used a polycarbonate filter with a 14mm pore size for trapping the cercariae. Different numbers of cercariae were placed in containers (5 liter, preferably siliconized) for filtration. The cercariae were placed under a ray of light at the center of the water surface for at least 15 min, which would prevent the adherence of the cercariae to the wall. The filtration device was assembled and connected to a vacuum source. It was desirable to use a siliconized tube at the inlet. After suction was completed the filters were taken out and placed in small Petri dishes (5 cm diameter). For removing DNA between filtrations, the parts of the filtration device were put into a solution of bleach for 20 min, then washed excessively with double-distilled water. For DNA extraction, 800 l of 0.5M NaOH plus 1% Triton X-100 were placed on the filters. The dishes were wrapped with plastic film to prevent evaporation, and were shaken at room temperature for one day or at 65ЊC for 1hr. Extraction of the DNA for the PCR was done as described above.
Amplification by the PCR and its optimization. Oligonucleotides were constructed according to the highly repetitive 121-basepair (bp) genomic sequence of S. mansoni DNA ( Figure 1 ). 18 Optimal PCR buffers were selected from the Opti-Prime PCR optimization kit (Stratagene, La Jolla, CA). The amplification was conducted in a 50-l reaction mixture. The final amplification components included PCR buffer ( The third water body known as Mansouria irrigation drain in Giza Governorate was selected for being infested with Biomphalaria alexandrina snails (natural hosts of S. mansoni). Nonschistosome cercariae collected from these snails were identified by morphology and subjected to DNA extraction and PCR.
RESULTS

Polymerase chain reaction of DNA from adult worms-sensitivity of detection.
Amplification of the 121bp tandemly repeated sequence of S. mansoni with the given set of primers ( Figure 1 ) is expected to yield a ladder of amplification bands. The smallest band is expected to be 42 bp, and the others are expected to be progressively larger by 121-bp increments. The DNA from adult worms was extracted by the phenol-proteinase K method, and 10-fold dilutions of S. mansoni DNA, ranging from 1.2 ng to 1.2 ϫ 10 Ϫ9 ng, were amplified. The results presented in Figure 2 show that the minimum detectable concentration of S. mansoni DNA was 1.2 ϫ 10 Ϫ6 ng (Figure 2, lane 6) . A ladder-type banding pattern was exhibited as expected. Three bands of the PCR products represent the smallest 42-bp product and the subsequent product sizes of approximately 160 bp and 280 bp. A similar banding pattern was obtained when DNA was extracted with NaOH.
A possibility for semiquantitation. Upon electrophoresis of the PCR products, the number of bands was directly related to the concentration of S. mansoni DNA (Figure 2) . This relationship was best demonstrated within a certain range of DNA concentrations and by adopting strictly uniform amplification conditions. Figure 3 shows the results of the PCR carried out with two batches of DNA, and at DNA concentrations of 120 pg, 12 pg, 1.2 pg, and 120 fg, which appeared most suitable for demonstrating the relationship between DNA concentration and the number of ladder bands. The banding pattern of the PCR products appeared consistent with different PCR experiments and also when amplification took place at different places of the hot plate of the thermocycler. The uniformity of this feature suggests the suitability of this approach for semiquantitation of PCR products, providing a set of suitable DNA concentrations, or DNA from known number of cercariae, is amplified in parallel with a sample of unknown DNA concentration.
Detecting cercariae by PCR. Detecting the DNA from the samples of individual cercariae. Initially, we counted cercariae by direct microscopy and isolated in separate tubes 1, 5, 10, 20, 30, 40, 50, and 100 parasites, then subjected them to DNA extraction and the PCR. It was found that even a single cercariae could be detected, indicating the high sensitivity of detection. In subsequent experiments, we counted six single cercariae and used the same method to extract DNA. As shown in Figure 4 all the single cercariae could be detected by PCR, which suggests the high detection reproducibility. From the photographs, it seemed that the strongest signal from cercariae was the second or third bands and most of the first bands were invisible (Figure 4) .
The relationship between the banding pattern of PCR products and the number of cercariae. The DNA was extracted from cercariae (1, 5, 10, ,20, and 30), and 1-l aliquots of DNA were amplified. A 10-l aliquot of each product was tested by agarose gel electrophoresis ( Figure 5 ). Positive signals were obtained with the different numbers of organisms tested. It was also shown that the PCR signals exhibited a ladder pattern with increasing number of bands as the number of cercariae increased. 
Detection of single cercariae samples in filtrates.
Preliminary evaluation of the filtering method showed that the device is efficient in trapping cercariae in water under the laboratory conditions described. Even one cercariae in five liters of water could be trapped. The living whole body of cercariae can be spotted on the filter under direct low-power microscopy. In initial experiments 1, 5, 10, 20, 30, 40, and 50 filtered cercariae gave positive PCR signals. Amplifications were subsequently carried out with DNA from single cercariae. Figure 6 shows the agarose gel analysis of the PCR products from 16 samples of single cercaria. The 42bp band was clearly detected by the PCR in all 16 samples tested. Since only one band of amplification products was generally demonstrated in this case, as opposed to the two or three bands obtained by amplification of cercariae in suspension (Figure 4) , it can be assumed that some DNA was lost during DNA extraction from a cercaria trapped on filter. This loss, however, still left sufficient DNA for positive detection.
The relationship between the banding pattern of PCR products and the numbers of cercariae in water filtrates. As expected from the results with different number of cercariae examined directly ( Figure 5 ), a direct relationship was also found between the number of cercariae in water filtrates and the banding pattern of PCR products. Different numbers of cercariae (1, 5, 10, 20 , and 30) were added into five liters of water. After filtration and confirmation of the number of the cercariae on the filter, the DNA was extracted and 1 l was amplified by PCR. The results of this experiment are shown in Figure 7 . Thus, one cercaria yielded a single band, five cercariae yielded two bands, 10 and 20 cercariae yielded three or four bands, and 30 cercariae yielded more than four bands. The feasibility of estimating the density of cercariae in water in filtrates was thus suggested.
Specificity studies. All three species of cercariae tested (Echinoparyphium recurvatum, Paramphystomum cervi, and Apharyngostrigea ibis) repeatedly gave PCR-negative results. The results are summarized in Table 1 . Furthermore, attempts to amplify S. haematobium DNA by the PCR conditions described for S. mansoni gave negative results. Positive identification of S. haematobium DNA was not addressed in the present study.
DISCUSSION
In an attempt to overcome shortcomings of current methods for identification of cercariae in water, we have developed and laboratory-tested a PCR assay that may be suitable for this purpose. Since the PCR assay was based on the amplification of a highly repeated DNA sequence constituting about 10% of S. mansoni genome, 18 the detection sensitivity was expected to be very high. The high sensitivity of the assay was indeed demonstrated by its ability to detect 10 fg of S. mansoni DNA (Figure 2) , and a single cercaria suspended in water (Figure 4 ) or trapped on a filter ( Figure  6 ). If the high detection sensitivity demonstrated in our laboratory studies can be repeated with cercariae collected from water in nature, then only a relatively small volume of water sample may suffice for a test, and multiple samples collected in a transmission site may enable definition of the distribution of cercariae in a site. The genus specificity of the PCR assay was partially demonstrated with non-schistosome cercariae from snails collected in natural water bodies in Egypt (Table 1) . Testing additional nonschistosome trematodes is still required for establishing the genus specificity. With regard to the species specificity of the test, it was previously shown that the cloned 121-bp repeat amplified by PCR in the present study does not detect S. magrebowiei by dot hybridization, but that some cross hybridization occurs with S. haematobium DNA. 18 Nevertheless, cross-amplification of S. haematobium DNA was not demonstrated by the conditions used in the present study for amplifying the S. mansoni DNA. Cloning and nucleotide sequencing of the cross-hybridizing sequences of S. haematobium, and attempts at positive differential identification of S. mansoni and S. haematobium by applying different PCR conditions are underway. Comparative crossamplification assays, with DNA from animal schistosomes should follow to further evaluate the species specificity of the assay.
As expected, a ladder-type banding pattern was exhibited upon electrophoresis of amplification products of the highly repeated, tandemly arranged sequence (Figure 3 ). The sizes of the bands in such a case constitute multiples of the unit repeat, and since smaller sequences have a higher statistical chance of being amplified, a direct relationship is expected between number of bands and DNA concentration. This was indeed demonstrated with different DNA concentrations (Figure 3 ), as well as with different numbers of organisms from which DNA was extracted ( Figures 5 and 6) . A possibility for semiquantitation of the PCR products by the number of band was thus suggested. A possibility of obtaining even a rough estimate of the number of cercariae in natural water systems has an obvious advantage for evaluating the risk of infection. However, PCR quantitation by the available methodology, which requires construction of internal controls, 23 may not be easily applicable when tandemly arranged repeated sequences are concerned. Thus, further studies are warranted to establish the practicality of the simpler semiquantitation approach suggested here for tandemly arranged repeated sequences.
The filtration apparatus we have used 20 enabled reproducible recovery of a single cercaria from water, and a convenient DNA extraction by the NaOH procedure. Further experiments (Hamburger J, unpublished data) showed that a nylon screen can be used instead of the polycarbonate filter for diminishing the risk of clogging in case filtration of turbid water is to be done. Since the same filtration apparatus is regularly used for collecting schistosome eggs from very turbid tissue digests, 20 we expect it should be useful for filtration of cercariae in turbid water too, if proper presieving is used. Also, since dismantling and reassembly of the filtration device is very easy, changing filters/sieves when filtration of turbid water is carried out is not expected to present a problem.
The PCR assay should enable identification of cercariae as long as the DNA of the organisms remains sufficiently intact, whether the parasites are masked, partially broken, or entirely disintegrated. This may present a diagnostic advantage since identification of dead and disintegrated cercariae is also indicative of presence of cercariae in the site, and therefore sample collection by simple sedimentation or flocculation can be envisioned. However, if the cercarial DNA persists for a long time in natural transmission sites, it may be detectable even after snails shedding cercariae are no longer present. The possibility of long-term persistence of cercarial DNA in water bodies should therefore be investigated. If confirmed, then cercarial filtration or trapping devices should preferentially collect live or largely intact organisms, and background DNA signals should be determined. A simple method for quantitating the signals, such as the one suggested in the present study, should be very helpful if background DNA will indeed be found.
The NaOH procedure was used by us for extracting DNA from a single cercaria as well as from many cercariae (Figures 4 and 5) . We used a similar procedure in previous studies for extracting DNA from snails infected with S. mansoni, 17 for extracting DNA from sputum of people infected with the lymphatic filaria Wuchereria bancrofti, 24 as well as from mosquitoes infected with this parasite (Hamburger J, unpublished data). The amplification of the target DNA in these cases appeared undisturbed by the various contaminating materials involved. We therefore expect that this simple procedure should add another technical advantage for large-scale monitoring of schistosome-infested water even when cercariae are scarce and contamination is plentiful. This method may also be suitable in a wider context for simultaneous recovery of DNA from other infectious organisms, and for water-quality analyses by PCR. Another simple procedure for extracting DNA from a single cercaria was previously used for preparing a cercaria for sexing by PCR. 25 This procedure, however, was not suitable if the sample was contaminated with organic debris such as snail extracts (Hamburger J, unpublished data).
The PCR assay presented here has the potential of a sensitive and specific tool for the identification (and possibly also for semiquantification) of S. mansoni cercariae in water, and for determining the spatial and temporal distribution of cercariae in transmission sites. This should be useful for direct evaluation of the risk of infection in transmission sites, especially when infected snails are difficult to find. Further tests should be carried out with cercariae introduced into outdoor artificial ponds and/or channels simulating conditions of natural transmission sites. Determining presence as well as distribution of cercariae in natural transmission sites should then follow. 
